Purpose The present paper reports a systematic study on the effect of bifunctional chelators (BFC) namely, NOTA, DOTA, and DTPA, on the radiochemical formulation, in vitro stability, and in vivo biological properties of Ga-NOTA-Bn-E-[c(RGDfk)] 2 was found to be the most kinetically rigid in in vitro stability assay. The uptake of the three radiolabeled peptide conjugates in melanoma tumor was comparable at 1 h post-administration (NOTA; DOTA; DTPA (% I.D./g):: 2.78 ± 0.38; 3.08 ± 1.1; 3.36 ± 0.49).
Introduction
Tumor angiogenesis is an essential requirement for tumor growth and metastasis where integrin α v β 3 plays a major role [1] [2] [3] [4] [5] . The α v β 3 integrins act as a receptor for extracellular matrix proteins with the exposed arginine-glycine-aspartic acid (RGD) tripeptide sequence. They are over-expressed on large number of activated endothelial cells during angiogenesis in contrast to the resting endothelial cells. Also, α v β 3 integrins are overexpressed in some tumors cells like osteosarcomas, neuroblastomas, glioblastomas, melanomas, lung carcinomas and breast cancer and help in their growth and metastasis. Thus, imaging of α v β 3 integrins is considered as a useful tool in management of cancer [1] [2] [3] [4] [5] .
In the last decade, a variety of RGD peptide based radiotracers have been developed for imaging α v β 3 integrins. In this context, both single photon emitters and positron emitting radionuclides have been explored and tagged with various RGD analogues [6] [7] [8] [9] [10] [11] . Currently, use of positron emitting radionuclides like 18 F, 68 Ga, 64 Cu, etc. has been growing clinically owing to the high resolution, greater sensitivity, and possibility of quantification by positron emission tomography (PET) [12] . Various 18 F labeled RGD peptides have been extensively evaluated preclinically and clinically for PET imaging of α v β 3 integrins positive tumors [13, 14] . However, due to disadvantages like cyclotron based production of 18 F as well as a radiosynthetic module required for isolating clinical grade product, which increases the preparation cost of the final product, more and more attention is now being given to 68 Ga based RGD radiotracers for widespread clinical use. This is due to advantages like availability of 68 Ga from the 68 Ge/ 68 Ga generator system which can facilitate the growth of PET imaging in areas that are remote from cyclotron facilities [15] . Its well developed coordination chemistry allows for development of 68 Ga-radiotracers with high yield and specific activity which obviates the need of expensive modules for post labeling purification processes [16] [17] [18] . Also, the short half life of 68 Ga (t 1/2 = 68 min) is ideal for imaging of small molecules and peptides that clear quickly from the background tissues.
There are numerous reports on the evaluation of 68 Ga-labeled RGD peptides in animal models as well as in human patients wherein the RGD-motif has been conjugated to either DOTA or NOTA/NODAGA chelators [19] [20] [21] [22] [23] [24] [25] [26] [27] . Nevertheless, a detailed systematic evaluation of 68 Ga-labeled RGD peptide derivative coupled to commonly used bifunctional chelators, which would clearly demonstrate the specific role of BFCs on the radiochemistry, in vitro stability, pharmacokinetics, tumor targeting properties, and metabolic stability in suitable animal model, is an interesting proposition. Toward this, in the present paper, we report a detailed and systemic comparison of the aforementioned properties of 68 Ga-complexes of dimeric cyclic RGD peptide E[c(RGDfK)] 2 (E = glutamic acid, R = arginine, G = glycine, D = aspartic acid, f = D-phenylalanine, K = lysine) conjugated with different cyclic and acyclic B F C s n a m e l y , p -S C N -B n -N O T A [ S -2 -( 4 -isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid], p-SCN-Bn-DOTA [S-2-(4-isothiocyanatobenzyl)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid], and p-SCN-Bn-DTPA [S-2-(4-isothiocyanatobenzyl)-diethylenetriamine pentaacetic acid]. Such a systematic evaluation would be helpful in choosing the most appropriate BFC-(RGD) 2 peptide conjugates for the development of 68 Ga-labeled radiotracers for routine PET imaging of tumor angiogenesis in clinical settings.
Materials
The RGD peptide conjugates namely NOTA-Bn-E-[c(RGDfK)] 2 (NOTA-Bn-(RGD) 2 ), DOTA-Bn-E-[c(RGDfK)] 2 (DOTA-Bn-(RGD) 2 ), and DTPA-Bn-E-[c(RGDfK)] 2 (DTPA-Bn-(RGD) 2 ) (Fig. 1a-c) were custom synthesized by ABX Advance Biomedical Compounds, Radeber, Germany. Suprap® hydrochloric acid (99.999% pure) was procured from Sigma-Aldrich, India. MilliQ water (resistivity >18.2 MΩ) was used in all the wet chemistry studies. All other chemicals used were of analytical grade and procured from Sigma-Aldrich, India. Gallium-68 was eluted in 0.6 M HCl from a 925 MBq (25 mCi) 68 Ge/ 68 Ga radionuclide generator obtained from iThemba Labs, South Africa.
High performance liquid chromatography (HPLC) analyses were carried out on a JASCO PU 2080 Plus dual pump HPLC system (JASCO, Japan) coupled with a JASCO 2075 Plus tunable absorption detector and Gina Star radioactivity detector system (Raytest, Germany). C18 reversed phase HiQ Sil (5 μm, 4 × 250 mm) column was used as the stationary phase, while a mixture of acetonitrile and water (both containing 0.1% TFA) was used as the mobile phase. A well-type NaI(Tl) detector (Mucha, Raytest, Germany) was used for radioactivity measurements during all other radiochemical studies. Radioactivity measurements during animal biodistribution studies were carried out using a flat-type NaI(Tl) radioactivity detector (Harshaw, UK).
Experimental
Radiolabeling of BFC-(RGD) 2 Conjugates with 68 
Ga
The 68 Ga radiolabeling procedure followed for the three BFC-(RGD) 2 conjugates (Fig. 1a-c) was identical. Typically, BFC-(RGD) 2 conjugate (1 μg/μL) in MilliQ water was mixed with 2 M sodium acetate solution (450 μL, pH~7.5). Further, 68 GaCl 3 (1 mL, 185 MBq/5 mCi) in 0.6 N HCl was added to it and the reaction mixture was then incubated at room temperature (25°C) or in a heated water bath (90°C). The final volume was~1.5 mL and the final pH was~3.5. The radiolabeling parameters were optimized by varying the amount of BFC-(RGD) 2 as well as the incubation time and temperature in order to maximize the radiochemical yield. All subsequent reactions were done in the respective optimized conditions for each BFC-(RGD) 2 conjugate.
Determination of the Radiochemical Yield and Purity
The radiochemical yield of 68 Ga-BFC-(RGD) 2 was determined by paper chromatography (PC) as well as by high performance liquid chromatography (HPLC) techniques:
Paper Chromatography
Paper chromatography was performed using Whatman No. 1 chromatography paper. 5 μL (600 KBq/ 17 μCi) of test solution was applied at 1.5 cm from the lower end of the strip and it was developed in 0.01 M Na citrate solution (pH = 5). The strips were then dried and cut into segments of 1 cm each and the activity associated with each segment was measured in NaI(Tl) detector.
HPLC Technique
HPLC was carried out following gradient elution technique using a dual pump HPLC system and C18 reversed phase HiQ Sil (5 μm, 4 × 250 mm) column. Water [A] and acetonitrile [B] with 0.1% trifluoroacetic acid were used as the mobile phase and the following gradient elution method was used for separation: 0-4 min 95% A, 4-15 min 95% A to 5% A, 15-20 min 5% A, 20-25 min 5% A to 95% A, 25-30 min 95% A. All the solvents were of HPLC grade, degassed and filtered prior to use. The flow rate was maintained at 1 mL/ min. About 10 μL (~1.20 MBq/30 μCi) of the test solution was injected into the HPLC. The elution was monitored both by UV and by radioactivity signal.
Determination of Partition Coefficient (Log P) of 68 
Ga-BFC-(RGD) 2 Radiotracers
For determining log P, an aliquot of 68 Ga-BFC-(RGD) 2 complex (100 μL, 12.3 MBq/300 μCi) was mixed with water (0.9 mL) and octanol (1 mL) on a vortex mixer and then centrifuged to effect the separation of the two layers. Equal aliquots from both layers were counted in NaI(Tl) detector. Partition coefficient (log P) was expressed as the logarithm of the ratio of the counts from n-octanol versus that of the aqueous layer. Further, n-octanol layer was repartitioned until a consistent partition coefficient was obtained.
In Vitro Stability of 68 

Stability in EDTA Solution
In order to ascertain the stability of the 68 Ga-BFC-(RGD) 2 under EDTA challenge, an aliquot of each complex (50 μL, 6.2 MBq/0.16 mCi) was incubated with 5 mM EDTA solution (450 μL) for different time intervals. Aliquots were withdrawn at intervals of 30 min, 60 min, 90 min, and 120 min. and analyzed by HPLC to assess the stability of the complex.
Stability in Human Serum
The in vitro stability of the 68 Ga-BFC-(RGD) 2 radiotracers in human serum was determined by incubating each complex (50 μL, 5.6 MBq/0.15 mCi) with human serum (450 μL) at 37°C for different time intervals. Aliquots were withdrawn at intervals of 30 min, 60 min, 90 min, and 120 min, ethanol was added to precipitate the serum proteins, centrifuged and the supernatant was analyzed by paper chromatography using 0.01 M sodium citrate solution (pH = 5) to determine the stability of the complex. In 0.01 M sodium citrate solution, 68 Ga-complex (R f = 0.0) remained at the point of spot while free 68 
Ga
3+ moved with the solvent front (R f = 0.9-1.0).
In Vivo Evaluation 68 Ga-BFC-(RGD) 2 Radiotracers
All in vivo procedures performed herein were in strict compliance with the approved protocols of Institutional Animal Ethics Committee of Bhabha Atomic Research Centre, India.
Biodistribution Studies in Animal Model
Biological efficacy of the 68 Ga-BFC-(RGD) 2 radiotracers was evaluated in female C57BL/6 mice (age: 6-8 week, weight: 20-25 g weight) bearing melanoma tumors. Melanoma B16-F10 cell line (ATCC-CRL-6475TM) used for growing the tumors, was purchased from National Center for Cell Science (India). The tumors were developed by injecting 1 × 10 6 B16-F10 cells, suspended in 200 μL of PBS, subcutaneously into the right thigh of each C57BL/6 mice weighing 20-25 g. The animals were reared and kept in laboratory animal facility of our institute under standard management practice for about 2 weeks. The animal experiments were done when visible tumors were observed and a tumor mass of 0.2-0.4 g was attained. The radiolabeled preparation (100 μL, 370 KBq/10 μCi) was administered intravenously through the tail vein of each animal. Individual sets of animals (n = 4) were utilized for studying the bio-distribution at different time points (30 min, 60 min). The animals were sacrificed by carbon dioxide asphyxiation immediately at the end of the respective time point and the relevant organs and tissue were excised for measurement of associated activity. The organs were weighed and the activity associated with each of them was measured in a flat-bed type NaI(Tl) counter with suitable energy window for 68 Ga. For the purpose of uniformity, the activity retained in each organ/tissue was expressed as a percent value of the injected dose per gram (% ID/g). Activity associated with the excreta (urine + feces) was determined by counting the cage paper which was expressed as percent value of the injected dose (% ID).
Assay of Metabolic Stability
Metabolic stability of the radiotracers was analyzed by the following method. 68 Ga-BFC-(RGD) 2 radiotracers (100 μL, 370 KBq/10 μCi) were injected in normal Swiss mice (n = 2) intravenously through the lateral tail vein of each animal. The urine sample of the animal was collected 1 h post injection. Acetonitrile was added to the urine sample to precipitate the proteins. The sample was then centrifuged and the supernatant was analyzed using HPLC.
Results
Ga
The radiolabeling yields of the three 68 Ga-BFC-(RGD) 2 tracers namely, 68 Ga-NOTA-Bn-(RGD) 2 , 68 Ga-DOTABn-(RGD) 2 , and 68 Ga-DTPA-Bn-(RGD) 2 were determined by PC and HPLC technique. In paper chromatography, it was observed that free 68 Ga moved to the solvent front (R f = 0.9-1) while 68 Ga-complex remained at the point of spot (R f = 0.0). A typical PC pattern is depicted in Fig. 2 . The radio-HPLC profiles are given in Fig. 3 . It was observed that 68 Ga-NOTA-Bn-(RGD) 2 , 68 Ga-DOTA-Bn-(RGD) 2 , and 68 Ga-DTPA-Bn-(RGD) 2 exhibited retention times of 15.3 min, 15.6 min, and 16.1 min, respectively, while free 68 GaCl 3 eluted before 4 min. With an aim of preparing 68 Ga-BFC-(RGD) 2 conjugates with maximum yield, the radiolabeling experiments were carried out by varying different reaction parameters, such as ligand concentration, incubation temperature, and reaction time. Figure 4 illustrates the effect of ligand concentration on the radiolabeling yield of 68 Ga-BFC-(RGD) 2 radiotracers at room temperature (25°C) and at 90°C, respectively, when the reaction mixtures were incubated for 10 min. It was observed that only 10 μg of NOTA-Bn-(RGD) 2 was sufficient for ≥98% radiolabeling yield at room temperature. In the case of DTPA-Bn-(RGD) 2 , radiolabeling yield ≥98% could be achieved using 10 μg of peptide conjugate when the reaction Fig. 2 A typical PC pattern of 68 Ga-BFC-(RGD) 2 in 0.01 N sodium citrate solution (pH = 5) mixture was heated at 90°C for 10 min. On the other hand, in order to achieve >95% yield with DOTA-Bn-(RGD) 2 , 50 μg of peptide conjugate was required and the reaction mixture needed to be heated at 90°C for 10 min. In order to have a comparative assessment of the kinetics of formation of 68 Gacomplexes, the radiochemical yields were determined at different time intervals on incubation of reaction mixtures at room temperature as well as at elevated temperature. The results are illustrated in Table 1 .
The table shows that when incubated at room temperature, in the case of NOTA-Bn-(RGD) 2 , ≥95% yield could be obtained within 5 min of incubation. However, in the case of DTPA-Bn-(RGD) 2 and DOTA-Bn-(RGD) 2 a maximum yield of~80-85% could be achieved when the reaction mixtures were incubated for at least 20 min at room temperature. When the reaction mixtures were incubated at 90°C, the kinetics of 68 Ga complexation with DTPA-Bn-(RGD) 2 and DOTA-Bn-(RGD) 2 improved significantly. Overall, 68 Ga-NOTA-Bn-(RGD) 2 exhibited the most favorable formation kinetics followed by 68 Ga-DTPA-Bn-(RGD) 2 . The optimized protocols for the syntheses of 68 Ga-BFC-(RGD) 2 conjugates along with their maximum specific activity achieved are given in Table 2 .
Log P of 68 
Ga-BFC-(RGD) 2
The log P values for 68 Ga-NOTA-Bn-(RGD) 2 , 68 Ga-DOTABn-(RGD) 2 , and 68 Ga-DTPA-Bn-(RGD) 2 were −0.3 ± 0.05, −0.39 ± 0.04, and −0.58 ± 0.02, respectively. This shows that 68 Ga-DTPA-(RGD) 2 has the most hydrophilic nature amongst the three radiotracers. The log P values of the radiotracers are given in Table 2 .
In Vitro Stability Studies
The radiochemical purities of 68 Ga-BFC-(RGD) 2 radiotracers when incubated in EDTA solution and human serum are given in Fig. 5 , respectively. No significant transchelation was observed when the three tracers were incubated in excess EDTA solution and their radiochemical purities were ≥90% upto 120 min. The radiochemical purities of 68 Ga-NOTABn-(RGD) 2 and 68 Ga-DOTA-Bn-(RGD) 2 were found to be ≥95% upto 120 min in human serum. However, in the case of 68 Ga-DTPA-Bn-(RGD) 2 , a gradual decrease in its radiochemical purity with time was observed.
In Vivo Evaluation 68 
Ga-BFC-(RGD) 2 Radiotracers
The results of biodistribution studies of the three 68 Ga-BFC-(RGD) 2 radiotracers in C57BL/6 mice bearing Table 3 . Amongst the three radiotracers, 68 Ga-DOTA-Bn-(RGD) 2 exhibited the highest tumor uptake of 5.08 ± 0.05% ID/g at 30 min p.i., which decreased to 3.08 ± 1.10% ID/g at 1 h p.i. The liver uptake of 68 Ga-DOTA-Bn-(RGD) 2 was also high at both 30 min (4.47 ± 1.02%ID/g) and 1 h p.i. (3.59 ± 0.18%ID/g). The melanoma tumor uptake of 68 Ga-NOTA-Bn-(RGD) 2 was high at 30 min p.i. (4.50 ± 0.18% ID/g), but it also decreased at 1 h p.i. (2.78 ± 0.38% ID/g). On the other hand, the highest tumor uptake observed in the case of 68 Ga-DTPA-Bn-(RGD) 2 was considerably lower compared to the other two radiotracers (3.51 ± 0.69% ID/g at 30 min p.i), which nearly retained upto 1 h p.i. (3.36 ± 0.49% ID/g). A comparison of the tumor/ background ratios of the three radiotracers is illustrated in Fig. 6 . It is evident from the figure that, in general, 68 Ga-NOTA-Bn-(RGD) 2 radiotracer exhibited the best tumor/ background ratio and hence is expected to generate the best target/background contrast in clinical context. All three radiotracers predominantly exhibited urinary excretion.
In order to ascertain the in vivo stability of 68 Ga-BFC-(RGD) 2 radiotracers, the urine samples of Swiss mice injected with the respective radiotracers were analyzed in HPLC 1 h p.i.. The radio chromatograms of the urine samples of the three tracers are given in Fig. 7 . From the figure it can be seen that both 68 Ga-NOTA-Bn-(RGD) 2 and 68 Ga-DOTABn-(RGD) 2 radiotracers were stable in vivo as only one peak corresponding to the tracers at 15.3 min and 15.6 min respectively, were observed. However, in the case of 68 Ga-DTPABn-(RGD) 2 , a small metabolite peak below 5 min (8%) was observed along with radiotracer peak at 16.07 min (92%). This shows a decrease in stability of 68 Ga-DTPABn-(RGD) 2 in vivo.
Discussion
Tumor angiogenesis is one of the most widely studied areas for cancer imaging and treatment and RGD-based PET imaging plays a pivotal role in this aspect. The advantage of 68 Ga as a PET radionuclide lies in its easy availability through a 68 Ge/ 68 Ga generator which obviates the need of an in-house cyclotron. Another advantage is the straightforward labeling strategies for 68 Ga which assist in synthetic automation. There are a large number of reports on 68 Ga labeled RGD peptide derivatives for PET imaging of tumors over-expressing α v β 3 integrins [19] [20] [21] [22] [23] [24] [25] [26] [27] . The main objective of the present study was to demonstrate the influence of the chelation of 68 Ga on the pharmacokinetic properties of 68 Ga-labeled tumor targeting peptide conjugates by a systematic comparative evaluation of dimeric RGD peptide analogues conjugated to three different chelators namely, NOTA, DOTA, and DTPA. RGD dimers are known to yield better tumor uptake results as compared to their monomeric analogues. This is because of an increase in local RGD concentration, i.e., binding of one RGD motif increases the 'local concentration' of the second RGD motif in the vicinity of integrin α v β 3 . Further, on increasing the multiplicity of the peptide (trimer, tetramer, etc.) the uptake of the analogue significantly increases in kidney, liver, lungs, and spleen. On account of these literature reports, dimeric RGD analogue was used in the present study.
The three RGD-conjugates (Fig. 1a-c) were radiolabeled with 68 Ga and the radiolabeling conditions were optimized with respect to the peptide amount, reaction temperature, and incubation time. The optimization process is important to facilitate development of kits which can further be translated to clinical settings for routine preparation of 68 Ga based radiotracers for imaging. Since the half-life of 68 Ga is short (t 1/2 = 68 min), a fast radiolabeling without the need of post labeling purification would be desirable as it would ensure a minimum loss of imaging agent to decay. Also, a final product with high specific activity would be advantageous toward receptor based imaging since an excess cold peptide might compete for the receptor binding sites effectively reducing target uptake. It was observed that NOTA-conjugated RGD derivative could be radiolabeled with 68 Ga at room temperature with high radiolabeling yield (≥ 98%) and high specific activity (~20.3 GBq/μmol). The DTPA-conjugated analogue could also be synthesized at high specific activity (2 2.6 GBq/μmol) but at a higher temperature. On the other hand, DOTA-conjugated peptide could be radiolabeled in adequately high yield at high temperature as well as with higher peptide amount, so that the specific activity of the radiotracer was significantly lower (~4.6 GBq/μmol). Moreover, amongst the peptide conjugates studied, the radiolabeling conditions of NOTA-Bn-(RGD) 2 are most suitable for kit preparation in clinical settings.
Although the three radiotracers were prepared with high radiochemical purity (RCP), it is important that their RCP is maintained when they are injected into the blood stream. In the blood stream, the concentration of the tracer would be very low as compared to other metal ions which can favor appreciable dissociation of 68 
Ga
3+ from the radiometal-BFC complex. Also, due to the presence of various biomolecules in the blood stream which may have affinity for 68 Ga, significant transchelation reactions may take place. These dissociation and transchelation reactions of 68 
3+ may lead to unwanted accumulation of radioactivity in non-target organs. Thus, the stability of the three radiotracers was examined in vitro by incubating them in human serum at 37°C up to 2 h. No significant degradation was observed in the case of 68 Ga labeled NOTA-Bn-(RGD) 2 and DOTA-Bn-(RGD) 2 tracers. This shows that both the radiotracers are practically unaffected by the presence of metal ions like Fe, Cu, Ca, and Zn and proteins like transferrin present in human serum. However, 10% degradation was observed when 68 Ga-DTPA-Bn-(RGD) 2 was incubated in human serum. This might Ga-BFC-(RGD) 2 in EDTA solution and in human serum be because of the higher kinetic lability of the 68 Ga-chelate with acyclic chelator DTPA compared to those with macrocyclic chelators DOTA and NOTA [27, 28] .
The log P values of the three radiotracers in water/octanol system suggest that all three radiotracers are hydrophilic in nature. Owing to their hydrophilic nature, the biodistribution studies showed clearance of the radiotracers mainly via the kidneys. In the case of 68 Ga-DOTA-Bn-(RGD) 2 , a high tumor uptake was observed at 30 min p.i. However, significant accumulation of the radiotracer was also observed in non target organs which led to lower tumor/background ratios. An improvement in tumor/background ratio was observed at 1 h p.i. because of fast clearance of activity from the non target organs. The uptake of 68 Ga-DOTA-Bn-(RGD) 2 in liver was highest amongst the three radiotracers at both 30 min and 1 h p.i. These results were in tandem with that reported for Fig. 6 Tumor/ background ratios of C57BL/6 mice bearing melanoma tumor, injected with 68 Ga-BFC-(RGD) 2 (n = 4) Fig. 7 Urine analysis of Swiss mice injected with 68 Ga-BFC-(RGD) 2 (n = 2) other Ga labeled DOTA-RGD based compounds. ( 66 Ga-DOTA-E[c(RGDfK)] 2 30 min: 5-6% ID/g; 1 h: 3-4% ID/ g). 23 Although the uptake in tumor for 68 
